Breast cancer p70S6K mTOR Xenograft Survival Proliferation
In early breast cancer, local relapses represent a determinant and not simply an indicator of risk for distant relapse and death. Notably, 90% of local recurrences occur at or close to the same quadrant of the primary cancer. Relevance of PI3K/mTOR/p70S6K signaling in breast tumorigenesis is very well documented. However, the pathway/s involved in the process of breast cancer local relapse are not well understood. The ribosomal protein p70S6K has been implicated in breast cancer cell response to post-surgical inflammation, supporting the hypothesis that it may be crucial also for breast cancer recurrence. Here, we show that p70S6K activity is required for the survival of breast cancer cells challenged in "hostile" microenvironments. We found that impairment of p70S6K activity in breast cancer cells strongly decreased their tumor take rate in nude mice. In line with this observation, if cells were challenged to grow in anchorage independence or in clonogenic assay, growth of colonies was strongly dependent on an intact p70S6K signaling. This in vitro finding was particularly evident when breast cancer cells were grown in the presence of wound fluids harvested following surgery from breast cancer patients, suggesting that the stimuli present in the post-surgical setting at least partially relied on activity of p70S6K to stimulate breast cancer relapse. From a mechanistic point of view, our results indicated that p70S6K signaling was able to activate Gli1 and up-regulate the antiapoptotic protein Bcl2, thereby activating a survival response in breast cancer cells challenged in hostile settings. Our work highlights a previously poorly recognized function of p70S6K in preserving breast cancer cell survival, which could eventually be responsible for local relapse and opens the way to the design of new and more specific therapies aiming to restrain the deleterious effects of wound response.
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Introduction
Following breast conserving surgery, local relapse is a common event that not only represents a disturbing factor but may also worsen the prognosis of early breast cancer patients (Benson et al., 2009; Huston and Simmons, 2005) . Several studies have shown that locoregional recurrence is a determinant and not simply an indicator of risk of distant relapse and death (Benson et al., 2009 ). The importance of restraining local recurrence in breast cancer patients was recently overviewed, conclusively showing that treatments improving local control have definite effects on long-term survival (Clarke et al., 2005) . Notably, 90% of local recurrences occur at or close to the same quadrant of the primary cancer, supporting the idea that local disease develops from re-growth of residual cancer cells, left behind in the peritumoral tissue after surgery (Benson et al., 2009) . It was hypothesized that the perturbation of the microenvironment by primary tumor removal and the subsequent wound healing process may result in stimulation of postsurgical residual disease (Baker et al., 1989; Demicheli et al., 2001 Demicheli et al., , 2007 .
This hypothesis was supported by our (Belletti et al., 2008b ) and others' (Tagliabue et al., 2003) in vitro studies that demonstrated the stimulatory effect of post-surgical drainage fluids (hereafter referred to as wound fluids, WF) on breast cancer cells proliferation and invasion.
The PI3K/mTOR/p70S6K axis is known to regulate a signal transduction cascade that promotes cell growth, survival and metabolism. It is aberrantly activated in many types of cancer, playing a major role in breast cancer cell proliferation and anti-cancer drug resistance (Ghayad and Cohen, 2010) . The 70-kDa ribosomal protein S6 kinase (p70 S6K , hereafter p70S6K) is a serine/threonine kinase (Fenton and Gout, 2011; Jefferies et al., 1997; Pearce et al., 2010b; von Manteuffel et al., 1997) , downstream target of mTOR, a master regulator of cell growth and proliferation that integrates signals from multiple inputs (Hay and Sonenberg, 2004) . p70S6K plays important roles in cell growth, proliferation and differentiation by regulating ribosome biogenesis, cell cycle progression and metabolism (D€ uvel et al., 2010; Kawasome et al., 1998; Shin et al., 2011) .
Many data suggest an involvement of p70S6K in breast cancer. At genomic level, 17q23 amplification was observed in approximately 10% of all primary breast cancer cases causing increased copy number of the p70S6K gene, RPS6KB1, elevated p70S6K expression and proliferative advantage in breast cancer cell lines (Couch et al., 1999; Monni et al., 2001) . Our previous work uncovered that p70S6K is activated in breast cancer cell in response to post-surgical drainage fluids, supporting the hypothesis that it may be crucial also for breast cancer recurrence (Belletti et al., 2008b) . We recently addressed this issue and demonstrated that p70S6K activity is robustly induced by surgery also in human patients and that its inhibition strongly impaired breast cancer local relapse in a mouse model of breast cancer (Segatto et al., 2013) .
Here, we characterize the role of p70S6K during breast cancer growth and investigate the mechanism whereby p70S6K may foster tumor initiation and drive breast cancer local relapse.
2.
Materials and methods
Study approval
All animal experiments were reviewed and approved by the CRO Institutional Animal Care and Use Committee and were conducted according to that committee's guidelines. Wound Fluids (WF) were collected at CRO of Aviano, Italy. Specific informed consent was obtained from all patients. Scientific use of biological material was approved by Ethics Committee of the CRO of Aviano, Italy.
2.2.
Cell culture and development of stable cell lines (Schalm and Blenis, 2002) or for kinase inactive mutant HA-p70S6K-KR (carrying the substitution K100R) (Schalm and Blenis, 2002) . The expression vectors have been kindly provided by John Blenis (Harvard Medical School, Boston). p70S6K-silenced mammary carcinoma cells were generated by lentiviral transduction of pLKO vectors encoding for human shRNAs of the MISSiON system (pLKO lentiviral vector, SIGMA). Briefly, 293FT cells were transfected with pLP1, pLP2, pLP/VSV-G (Invitrogen recombinant lentivirus producing system) plus pLKOshRNA (sh1_TCRN0000194766, sh2_TCRN0000003159, sh3_TCRN0000003162) by standard calcium phosphate protocol. After 48 and 72 h, conditional medium containing lentiviral particles was harvested and used to transduce target cells. Cell clones and pools were selected in complete medium supplemented with 1.5 mg/ml puromycin.
All cell lines were authenticated by BMR Genomics srl Padova, Italia, on January 2012 according to Cell IDä System (Promega) protocol and using Genemapper ID Ver 3.2.1, to identify DNA STR profiles.
2.3.
Preparation of protein lysates, immunoprecipitation and immunoblotting analysis MDA MB 231, MDA MB 453, MCF-7, BT-474, BT-549, HBL-100 and SK-BR-3 mammary carcinoma cell lines were serum starved in DMEM containing 0.1% bovine serum albumin (BSA, SIGMA) and then stimulated with 10% FBS or 5% WF for the indicated time points. Where indicated, cells were also pre-treated for 30 min with the following inhibitors: PF-4708671 (p70S6K1 inhibitor, 10 mM, SIGMA), Temsirolimus (Rapamycin analogue, 10, 20, 100 nM, Wyeth), LY-294002 (PI3K reversible inhibitor, 20 mM, SIGMA), U0126 (MEK1/2 inhibitor, 10 mM, Calbiochem), Wortmannin (PI3K covalent inhibitor, 100 nM, Calbiochem) and Staurosporine (kinase inhibitor, 5 mM, Calbiochem).
To extract total proteins cells were scraped on ice using cold NP40 lysis buffer (0.5% NP40; 50 mM HEPES pH 7; 250 mM NaCl; 5 mM EDTA; 0.5 mM EGTA, pH 8) plus a protease inhibitor cocktail (Completeä, Roche) and supplemented with 1 mM Na 3 VO 4 (SIGMA), 10 mM NaF (SIGMA) and 1 mM DTT (SIGMA).
To extract total proteins from tumor specimens, the same procedure was used, except that tissue disruption was first achieved by using the TissueLyser II (Qiagen).
Immunoprecipitation (IP) experiment was performed using 0.5 mg of total lysate in HNTG buffer (20 mM HEPES, 150 mM NaCl, 10% Glycerol, 0.1% Triton X-100, protease inhibitor cocktail, 1 mM Na 3 VO 4 , 10 mM NaF and 1 mM DTT) with the specific primary antibodies (HA agarose-conjugated, #A2095 SIGMA; GLI1, #2534 Cell Signaling), gently rocking overnight at 4 C. When primary antibodies were not agarose conjugated, protein A or protein G Sepharose 4 Fast Flow (Amersham Biosciences) was added for the last 2 h of incubation. IPs were then washed six times in HNTG buffer and resuspended in 3Â Laemmli Sample Buffer (5Â Laemmli buffer composition: 50 mM TriseHCl pH 6.8, 2% SDS, 10% glycerol, 0.05% bromophenol blue and 125 mM beta-mercaptoethanol). For immunoblotting analysis, proteins were separated in 4e20% SDS-PAGE (Criterion Precast Gel, Biorad) and transferred to nitrocellulose membranes (GE Healthcare). Membranes were blocked with 5% dried milk in TBS-0.1% Tween20 or in Odyssey Blocking Buffer (Licor, Biosciences) and incubated at 4 C overnight with primary antibodies.
Then, membranes were incubated 1 h at RT with IRconjugated (Alexa Fluor 680, Invitrogen or IRDye 800, Rockland) secondary antibodies for infrared detection (Odyssey Infrared Detection System, Licor). Primary antibodies AKT (sc-1618), ERK1 (sc-94), p70S6K1 (sc-8418), vinculin (sc-7694) were purchased from Santa Cruz; pT202/204 ERK1/2 (#9101), pS473 AKT (#4060), pT389 p70S6K1 (#9234), S6 (#2217), pS235/236 S6 (#4858), pS240/244 S6 (#5364), pT32 FOXO3a (#9464), GLI1 (#2534) were purchased from Cell Signaling; HA (#PRB101C) was purchased from Covance; Bcl2 (#OP60) was purchased from Calbiochem. pS84 GLI1 mouse monoclonal antibody was a kind gift of Dr Mien-Chie Hung, MD Anderson Cancer Center, USA.
Wound fluid collection
Drainage wound fluids (WF) were collected over the 24 h after surgery from unselected patients undergone breastconserving surgery, as described previously (Belletti et al., 2008b) . The assays were then performed using pools of all fluids.
Histological analysis and immunohistochemistry
Mouse samples were fixed in formalin (overnight at 4 C) and processed for standard paraffin embedding. Histological sections (5 mm thick) were made from the paraffin blocks, deparaffinated with xylene, and stained with hematoxylin and eosin.
For immunohistochemistry analysis, routine deparaffinization of all sections mounted on positive charge slides was carried out according to standard procedures, followed by rehydration through serial ethanol treatments. Slides were immersed in citrate buffer [0.01 M sodium citrate (pH 6.0)] and heated in a microwave oven at 600 W (three times for 5 min each) to enhance antigen retrieval. Endogenous peroxidase was blocked with 0.3% hydrogen peroxide in methanol for 30 min. Sections were immunostained for 1 h at room temperature with anti-Bcl2 antibody (#OP60, Calbiochem). The primary antibody was omitted and replaced with preimmune serum in the negative control. 
Proliferation assays and clonogenic assay
For growth curve, 5e9 Â 10 4 cells/well (depending on the cell type) were seeded in 6-well plates in complete medium or in ) were re-suspended in 2 ml top agar medium (DMEM-10% FBS or SFM-5% WF, 0.4% Low Melting Agarose, SIGMA) and quickly overlaid on a previously gelified 0.6% bottom agar medium (DMEM-10% FBS, 0.6% Low Melting Agarose, SIGMA). The experiments were performed in six-well tissue culture plates, in triplicate. Fresh medium was added to the wells twice a week as a feeder layer. After three weeks, the number of colonies was counted in 10 randomly chosen fields, at 10Â magnification.
For colony assay, MDA MB 231 untreated or pre-treated for 48 h with PF-4708671 (p70S6K1 inhibitor, 10 mM, SIGMA) or Temsirolimus (Rapamycin analogue, 100 nM, Wyeth), used alone or in combination, were trypsinized, counted and seeded at density 500, 1000, 2000 or 20,000 cells/100 mm dish, as indicated, and incubated in complete growth medium in the presence of the inhibitors or left untreated. Two weeks later plates were stained with crystal violet and colonies were counted. In a subset of experiments, MDA MB 231 at density 20,000 cells/100 mm dish were seeded on coverslips to perform immunofluorescence analysis or were collected and lysed to perform WB analysis.
Motility assays
Motility was studied using chemotaxis and standard Matrigel invasion assay, performed essentially as previously described (Baldassarre et al., 2005; Belletti et al., 2008a Belletti et al., ,b, 2010 . Briefly, chemotaxis was performed by labeling cells with DiI fluorescent vital dye (Molecular Probes) for 20 min at 37 C and plating 1 Â 10 5 cells in the upper chamber of transwell-like inserts, carrying a fluorescence-shielding porous polyethylene terephthalate membrane with 8 mm pores (HTS Fluoroblok, BD) and then incubated at 37 C for the indicated time. The lower chamber was filled with complete medium or serum free medium supplemented with 5% WF, as indicated. Migrating cells were evaluated by reading at different time points with a Spectrafluor (Tecan) the lower and the upper sides of the membrane. The experiments were performed at least 3 times in duplicate.
For invasion experiments, HTS Fluoroblok transwells were coated overnight at 4 C with a layer of Matrigel (6 mg, Cultrex BME) diluted in DMEM 0.1% BSA. Cells were then processed as described above and after an overnight incubation percent of invading cells was calculated.
Where indicated, PF-4708671 and Temsirolimus were mixed with the cells at the time of seeding, at the final concentration of 10 mM or 100 nM, respectively.
For evasion assay, 7.5 Â 10 3 cells were included in Matrigel (Cultrex, BME) drops at the final concentration of 6 mg/ml (12 ml of matrix volume per drops). Matrigel was diluted in DMEM 0.1% BSA. The drops, sufficiently spaced from one another, were dispensed in cell culture dishes and maintained for 1 h at 37 C upside down to let jellify. Then, the dishes were turned up and the drops incubated in complete medium or serum free medium supplemented with 5% WF. The evasion ability was evaluated 6 days after inclusion by measuring the distance covered by crystal violet-stained cells exited from the drops (5 drops/cell lines/experiment). Images were collected using a stereo microscope Leica M205FA.
2.9.

In vivo experiments
Primary tumors were established by injection of 2 Â 10 6 MDA MB 231 control or derived cell clones bilaterally in the fat pads of the thoracic mammary glands of female athymic nude mice (Harlan, 6e8 weeks old). Growth of primary tumors was monitored by measuring tumor length (L) and width (W ), and calculating tumor volume based on the formula L Â W 2 /2. In the long-term treatment experiment, after the appearance of palpable primary tumors generated from MDA MB 231 control cells, animals were intraperitoneally treated with PF-4708671 (25 mg/kg, i.e. 600 mg/mouse) or Temsirolimus (12.5 mg/kg, i.e. 300 mg/mouse) twice a week, for three weeks. During treatment, growth of primary tumors was monitored and measured. Mice were sacrificed at the endpoint of the experiment.
To analyze the tumor take rate, mice were injected with 2 Â 10 4 or 2 Â 10 5 or 7.5 Â 10 5 or 2 Â 10 6 MDA MB 231 control or modified cells resuspended in 50 ml Matrigel/PBS (1:1). Growth of primary tumors was monitored up to 7 weeks. As an alternative approach, mice were injected with 1 Â 10 5 , 2 Â 10 5 or 4 Â 10 5 MDAMB231 control-or p70KR expressingcells, without Matrigel, in 100 ml of PBS. Growth of primary tumors was monitored up to 10 weeks. To evaluate the effect of the three-days schedule of treatment on tumor cells in vivo, primary tumors were established by injection of 2 Â 10 6 MDA MB 231 control cells, bilaterally in thoracic MFP. When primary tumors reached a volume of 50e100 mm 3 , mice were intraperitoneally treated with PF-4708671 (3 mice/group, 1200 mg/mouse) or with Temsirolimus (3 mice/group, 300 mg or 600 mg/mouse) or vehicle (3 mice/group, PBS) daily, for three consecutive days. Mice were sacrificed one day after the last treatment. Tumors were collected and stored for subsequent analyses.
Kinexus antibody MicroArray
Kinexus antibody microarray analysis was performed on MDA MB 231, pre-treated with PF-4708671 10 mM or with Temsirolimus 100 nM and stimulated with WF for 20 min. The KinexTM antibody microarray service utilizes antibody microarrays to track the differential binding of dye-labeled proteins in lysates prepared from cells and tissues. Full KinexTM Service uses the KAM-850 chip with two samples analyzed in duplicate with over 850 antibodies. Over 510 pan-specific antibodies used in the chip provide for the detection of 189 protein kinases, 31 protein phosphatases, 142 regulatory subunits and other cell signaling proteins that regulate cell proliferation, stress and apoptosis.
Statistical analysis
Data were examined using the two-tailed Student t test or unpaired two-tailed ManneWhitney U test. Differences were considered significant at p < 0.05. The computer software PRISM (version 4, GraphPad, Inc.) was used to make graphs and all statistical analyses.
Results
Wound fluids efficiently activate p70S6K in breast cancer cell lines
Our previous studies demonstrated that WF are very rich in cytokines and growth factors and very efficiently stimulated breast cancer cell proliferation, motility and invasion (Belletti et al., 2008b) . Using a large panel of breast cancer cell lines, we confirmed that in breast cancer cells activation of p70S6K signaling is a common event following exposure to WF (Figure 1 ). The analysis of the p70S6K target phospho-S6 showed that, with few exceptions, 5% WF stimulated p70S6K signaling at even higher extent than 10% serum.
We then wondered whether this strong activation was a mere downstream signaling event or played an active role in the response of breast cancer cells to the surgery-induced inflammation. We thus set up different cellular models in order to evaluate the role of p70S6K. To test which breast cancer model would better fit to our studies, we interrogated the TCGA dataset for p70S6K expression and activity in 403 cancer specimens analyzed by reverse-phase protein array, RPPA (Cancer Genome Atlas Network, 2012) . The analysis of the TCGA dataset showed that levels of p70S6K were similar among basal-like and luminal A breast cancer and slightly higher in luminal B ones (Supplementary Figure S1A , left panel). However, p70S6K activation, measured as S6 phosphorylation both at Ser235/236 and Ser240/244, was significantly higher in basal-like breast cancer respect to the luminal subtypes (Supplementary Figure S1A , middle and right panels). Then we interrogated the same dataset sorting human breast cancer specimens for their receptor status. Results from this analysis showed that activation of p70S6K signaling was consistently increased in receptor negative specimens, particularly in the triple negative ones (TNBC) (Supplementary Figure S1B) . Based on these notions, we decided to raise p70S6K activity in receptor positive breast cancer cells displaying a mildly aggressive behavior (luminal, MCF-7) and to lower it in triple negative breast cancer cells displaying a highly aggressive behavior (basal-like, MDA MB 231 and luminal, MDA MB 453) (Supplementary Figure S2) . To this aim, cells were transfected with p70S6K mutants encoding for constitutively active p70S6K (HA-p70FER, carrying the Figure S2A and B) or for kinase inactive p70S6K (HA-p70KR, carrying the substitution K100R) (Schalm and Blenis, 2002) Figure S2A and C) or transduced with lentiviral particles encoding for specific anti human p70S6K sh-RNA (Supplementary Figure S2D and E) . MCF-7 expressing the constitutively active form of p70S6K (p70FER) displayed increased phosphorylation of the downstream target S6, both in the presence or absence of WF (Supplementary Figure S2B) . Time course analysis of MDA MB 231 and MDA MB 453 cells expressing the kinase inactive mutant (p70KR) or silenced for p70S6K and stimulated with WF, resulted in decreased p70S6K downstream signaling (Supplementary Figure S2 and not shown). Moreover, we used a specific inhibitor of p70S6K1 activity, PF-4708671 (hereafter PF) (Pearce et al., 2010a; Segatto et al., 2013) , as well as the clinically approved mTOR inhibitor, rapamycin analogue Temsirolimus (hereafter Tems). Treatment with either inhibitor in the presence of serum or WF equally resulted in efficient dampening of p70S6K specific activity (Supplementary Figure S3AeD) , while other pathways remained unaltered (Supplementary Figure S3E) . Treatment of breast cancer cells with other signaling pathway inhibitors indicated that downregulation of p70S6K activity observed with PF and Tems was specific and not a general consequence of signaling shut down (Supplementary Figure S3E) .
(Supplementary
Impact of p70S6K activity on primary tumor growth
To evaluate whether the impairment of p70S6K signaling would impact on breast tumorigenesis, we used an orthotopic xenograft model of breast cancer and injected MDA MB 231 control-or p70KR-cells in mouse mammary fat pads (MFP), using Matrigel to support their initial survival. As expected, impaired p70S6K activity strongly decreased primary breast tumor growth (Figure 2A and B) . Next, we injected decreasing numbers of MDA MB 231 control-or p70KR-cells and waited until tumors reached similar volumes before excising the masses ( Figure 2C and D) . p70KR-cells grew slower and reached the same tumor mass approximately one week later respect to controls ( Figure 2C and D) . Then, in order to challenge their ability to initiate tumor growth without any environmental support and possibly discern among the ability of p70S6K signaling to impact on proliferation or survival of breast cancer cells in vivo, we injected cells in MFP without Matrigel. It is interesting to note how in this setting, an intact p70S6K signaling was extremely critical for tumor initiation (67% vs 0%, in control-and p70KR-cells, at low cell number, 1 Â 10 5 , n ¼ 12) ( Figure 2E ). More careful analysis of tumors arising from 2 Â 10 5 and 4 Â 10 5 injected cells suggested that impairment of p70S6K signaling significantly increased the tumor latency (average of 9 vs 26 days, Figure 2F ) but, once tumors appeared, their growth rate was very similar ( Figure 2G ). This observation pointed out that, in the process of tumor initiation, p70S6K signaling played a major role in survival rather than in proliferation of breast cancer cells. Primary tumors from both control-and p70KR-cells displayed very similar pathological features ( Figure 3A , left panels). However, while tumors arisen from control-cells invaded the surrounding tissue, the local lymph-hematological district and the axillary/brachial lymphnodes at considerable extent, tumors from p70KR-cells did the same at much lower extent (Figure 3AeC) .
Next, to establish the role of p70S6K in a preclinical model, we used an alternative approach, mimicking a neo-adjuvant setting. We bilaterally injected MDA MB 231 control cells in mouse MFP and, from appearance of a palpable mass, we treated mice with PF, Tems or vehicle twice a week, for three weeks. No particular sufferance or toxicity was observed during treatment, either with PF or Tems. In line with the established role of mTOR in cell growth, Tems treated mice displayed a considerable decrease in their tumor growth throughout the course of treatment ( Figure 3D ). Treatment with PF did not elicit a significant decrease in the growth of established primary tumors, indicating that specific p70S6K1 activity is not essential during this stage of tumorigenesis ( Figure 3D ), in agreement with what observed using p70KR expressing cells ( Figure 2G ).
3.3.
p70 S6K activity positively contributes to proliferation and invasion of breast cancer cell lines
Our data in the mouse model indicated that inhibition of p70S6K specifically impairs the ability of breast cancer cells to survive, especially when challenged in more stringent conditions. To better understand the mechanism underlying our in vivo findings and the effects of alteration of p70S6K activity in breast cancer cells we analyzed their proliferative and migratory behavior in vitro. In particular, we focused our experiments on the cell response to WF and to culture conditions that could challenge their ability to survive (hereafter referred as hostile microenvironment).
In line with the well established role of p70S6K in cell proliferation (Fingar and Blenis, 2004; Fenton and Gout, 2011; Maruani et al., 2012) , growth curve assays of MCF-7 cells over expressing the constitutively active form of p70S6K revealed a considerable increase of their proliferative potential ( Figure 4A ). Conversely, when p70S6K activity was altered by either silencing or expressing the p70KR mutant, moderate but consistent decrease of cell proliferation was always observed ( Figure 4B and C and Supplementary Figure S4A and B). Consistently, growth of the parental cells in the continuous presence of PF or Tem led to a similar reduction of proliferation rate (Supplementary Figure S4D) . 5% WF used as source of growth stimuli in place of 10% FBS, very efficiently stimulated breast cancer cell proliferation, nonetheless dampening p70S6K signaling was sufficient to obtain effective proliferation arrest ( Figure 4B and D and Supplementary Figure S4C ). More importantly, using anchorage independent growth assays in soft agar, in the presence of either FBS or WF, we verified that impairment of p70S6K activity by expression of p70KR significantly decreased the cell ability to survive and grow ( Figure 4E , CTR vs KR, in FBS p ¼ 0.002). In particular, when WF was used as source of survival and growth stimuli the difference was extremely significant (CTR vs KR, in WF p < 0.0001). This again suggested that, under this stringent condition, the necessity of a robust p70S6K signaling was of particular relevance for the survival of the isolated cells. CTR and p70KR, respectively.
Then, given the decreased invasive profile showed by p70KR-expressing cells in vivo (Figure 3AeC) , we looked at the possibility that alteration of p70S6K activity could affect the migratory behavior of breast cancer cells. p70 silenced-, p70KR expressing-and PF or Tems inhibited-cells all displayed only a modest, although reliable, decrease in their migration rate, when tested in transwell assays (Supplementary Figure S5AeD) . The reversal approach, i.e. the overexpression of the constitutively active form of p70, also gave rise to moderate but reproducible increase of the migratory ability (Supplementary Figure S5E) . Then, we challenged cells in three-dimensional (3D)-invasion or evasion assays, in order to more accurately mimic the in vivo microenvironment. In line with what observed in vivo, invasion of a 3D-matrix highlighted more significant differences between control cells and cells with impaired p70 signaling, particularly when p70S6K1, and not mTOR, was attacked ( Figure 4F , CTR vs PF-treated p ¼ 0.003; Figure 4G , CTR vs KR p ¼ 0.015).
Altogether, these results support the notion that p70S6K activity positively contributes to proliferation and invasion programs of breast cancer epithelial cells. More importantly, in line with the tumor take rate in vivo, our in vitro data pointed to a specific role played by p70S6K in preserving breast cancer cells survival when challenged in anchorage independent growth.
p70S6K activity controls survival of breast cancer cells
Results obtained so far together with our previous observation that p70S6K was necessary for breast cancer local recurrence (Segatto et al., 2013) suggested that an intact p70S6K signaling /well) were included in soft agar in presence of complete medium (10% FBS) or 5% wound fluids (WF), for 3 weeks. Medium with serum or wound fluid was replaced twice a week. Graph reports the count of colony number/field evaluated in each condition, using a 103 objective of a contrast phase microscope. At least is important for cell survival more than for cell growth. Moreover, our recent work using a mouse model of breast cancer highlighted that the inhibition of mTOR did not lead to the same clinical outcomes of p70S6K1 inhibition in terms of local relapse. A shortage in the negative feedback loop mediated by mTOR leading to increased AKT activation was detected only in Tems-treated cells, both in the in vitro and in vivo models (Segatto et al., 2013) .
To get more molecular insights into this mechanism that was likely to subtend to the decreased survival observed in p70S6K-impaired cells in hostile environments (Figures 2   and 4 ), we performed a phosphoproteomic array comparing the levels of activation and/or expression of more than 500 proteins in Tems-treated respect to PF-treated cells. Normalized data filtered for a threshold of 15% of error range confirmed the hyper-activation of AKT previously observed (Segatto et al., 2013) and highlighted the contextual upregulation of the pro-survival protein Bcl2 (Supplementary  Table S1 ). Western Blot analysis of cells exposed to increasing doses of Tems uncovered a dose-dependent AKT activation, coupled with phosphorylation of its downstream target FOXO3A and up-regulation of Bcl2 ( Figure 5A ). . Cells (7.5 3 10 3 /12 ml drop) were included in Matrigel in the presence of 5% wound fluids (WF) for 6 days, then fixed and analyzed for the distance covered from the edge of the drop. In all panels, statistical significance was calculated using the Student's t-test. A p value £ 0.05 was considered significant. , mice were intraperitoneally injected with PF-4708671 (50 mg/kg, i.e. 1200 mg/mouse) or Temsirolimus (12.5 mg/kg, i.e. 300 mg/mouse or 25 mg/kg, i.e. 600 mg/mouse) or vehicle (Untreated) for three consecutive days and then sacrificed. C. Immunohistochemistry analysis of Bcl2 on tumor section from a Tems-treated mouse of the experiment described in (B). Nor untreated tumors nor those from PF-treated mice displayed positivity for Bcl2 (magnification 2003) . D. Immunofluorescence analysis on tumor sections from experiment described in (B), acquired by confocal microscopy. The panels show the merge of the immunostaining for Bcl2 (AF-488, pseudocolored in green) with the nuclear staining with propidium iodide (pseudocolored in red). Bars correspond to 35 mm. The panel at the right shows higher magnification of the dashed area.
These findings prompted us to verify whether these molecular events occurred in vivo as well. We bilaterally injected mouse MFP with MDA MB 231 cells and, when palpable masses appeared, we treated tumors for three consecutive days with vehicle, PF or Tems. Then, mice were sacrificed and tumors analyzed. Also in this context, AKT hyperactivation coupled with Bcl2 up-regulation were consistently detected in Tems-treated breast tumors, especially when drug dose was augmented ( Figure 5B) . Notably, staining of Bcl2, by either IHC ( Figure 5C ) or IF (Figure 5D ), highlighted a specific and discrete pattern of expression inside the tumor, with agglomerations of Bcl2-positive cells immersed in a Bcl2-negative mass. This featured pattern could also explain why Bcl2 expression, although overall higher in Tem-treated tumors respect to PF-treated ones, was variable among the single tumors ( Figure 5B ). This observation is also supported by our analysis of protein lysates extracted from paired primary-vs relapsed-tumors (untreated). Although a consistent increase in Bcl2 expression level was always observed in specimens from recurrent disease respect to its paired primary tumor, the absolute level of Bcl2 expression was very variable (data not shown).
This finding supported the notion that, under prolonged Tems treatment, isolated cells activated a survival response that is avoided when only p70S6K1 is specifically inhibited.
Next, we asked what was the mechanism by which p70S6K could regulate Bcl2. It has been recently demonstrated that p70S6K1 specifically phosphorylates Gli1 on S84 and activates it, promoting its nuclear translocation (Wang et al., 2012) . Gli1 is a transcription factor mediator of the Hedgehog signaling (Ng and Curran, 2011) , known for its crosstalk with p70S6K signaling and for its pro-survival activity (Wang et al., 2012; Gruber Filbin et al., 2013) . Since our experiments highlighted that Bcl2 was critically upregulated in surviving cells and Bcl2 is a transcriptional target of Gli1 (Bigelow et al., 2004) , we have evaluated whether Gli1 pathway was implicated. First, we performed IF on the same tumors analyzed above for Bcl2 and stained tumor cells for Gli1 and for pSer84-Gli1 ( Figure 6A ). Gli1 and even more pSer84-Gli1 were well expressed in untreated tumors and in Tems-treated ones, while their expression was dramatically lower in specimens from PF-treated masses. These results were confirmed by immunoprecipitating (IP) Gli1 from the same tumors ( Figure 6B ).
These results suggested that the p70S6K1/Gli1 axis could be responsible for the survival observed in breast cancer cells challenged by hostile microenvironment. To prove this hypothesis, we plated cells at normal confluence (70%) or very sparse (single isolated cells), treated them with PF, Tem or vehicle and after 72 h analyzed cells by IF. pGli1, as well as pAKT, were expressed at very low level in cells plated at normal confluence, with only slight difference among the treatments ( Figure 6C) . However, when cell were plated at very low confluence, expression of pGli1 and pAKT greatly augmented in untreated and in Tem-treated cells, while it remained very low in PF-treated ones ( Figure 6D ). Importantly, pGli1 mainly located in the nuclei of expressing cells, strongly indicating that, under these culture conditions, Gli1 was active ( Figure 6D and E). It is interesting to note that PF treatment not only affected pGli and pAKT expression, but also strongly impacted on the survival and subsequent growth of the isolated colonies. As shown in Figure 6F and G, colony size and number were extremely diminished by both Tem and PF treatment, but particularly by the latter one. Proteins extracted from these cells further confirmed that PF-treated cells consistently displayed diminished Bcl2 expression, thus corroborating our previous observation ( Figure 6H ). Combined treatment with both inhibitors (PF þ Tem) in the presence of WF stimulation recapitulated what observed after PF-single treatment, both at protein and mRNA level (Supplementary Figure S6A and B), suggesting that specific inhibition of p70SK1 with PF could not be replaced by the inhibition of mTOR. These data are in accord with our previous findings showing how mTOR inhibition was not able to prevent tumor recurrences as PF did (Segatto et al., 2013) . Finally, to evaluate whether this mechanism had important functional consequences, we plated a colony assay at very low cell concentration (2 Â 10 3 , 1 Â 10 3 , 500 cells/100 mm dish). MDA MB 231 cells Figure 6 e Pro-survival response of breast cancer cells relies on the p70S6K1/Gli1 axis. A. Immunofluorescence analysis of tumor sections from experiment described in Figure 5B , acquired by confocal microscopy. Panels show the immunostaining for pSer84Gli1 (AF-546, pseudocolored in red) alone or merged with the nuclear staining with TO-PRO-3 Iodide (pseudocolored in blue) or for Gli1 (AF-546, pseudocolored in red) merged with the nuclear staining with TO-PRO-3 Iodide (pseudocolored in blue). Panel on the right represent staining omitting only the primary antibody. Bars correspond to 22 mm. B. Western Blot analysis of tumor protein lysates from experiment described in Figure 5B , immunoprecipitated for Gli1 and blotted for Gli1 and pS84-Gli1, as indicated. Molecular weight marker of 150 kDa is indicated on the left. Vinculin was used as loading control of lysates. Gli1 CTR indicates a lysate of TOV112D cells, positive control for Gli1 expression. C. Immunofluorescence analysis of MDA MB 231 cells seeded at normal confluence conditions and treated as indicated, acquired by confocal microscopy. Panels show the immunostaining for pSer84Gli1 (AF-488, pseudocolored in green) or for pAKT (AF-633, pseudocolored in red) or merged with the nuclear staining with Propidium Iodide (pseudocolored in blue). Bars correspond to 15 mm. D. Same as in (C) except that MDA MB 231 cells were seeded at very low confluence. Bars correspond to 11 mm. E. Graph reports the mean nuclear fluorescence intensity, expressed as arbitrary units (A.U.) of the cells in (D). Values have been calculated measuring at least 16 cells/treatment and using the Volocity software (Perkin Elmer). F. Pictures refer to MDA MB 231 cells plated at very low density (20 3 10 3 cell/100 mm dish) in the presence of the indicated treatments or left untreated. Both 53 and 103 objectives have been used to capture images. G. Graph reports the number of colonies/field from the experiment described in (F). H. Western blot analysis of protein lysates from cells of the experiment described in (F). I. Colony assay of MDA MB 231 cells plated at ultra-low density (2 3 10 grew very well also in these stringent culture conditions ( Figure 6I ). However, inhibition of p70S6K1 led to a striking failure of their survival and to cell death ( Figure 6I ), resembling what observed in vivo in the take rate of p70KR MDA MB 231 cells at 1 Â 10 5 cells (0% of take rate, Figure 2E ).
Discussion
The results of our study clearly show that p70S6K signaling is strongly involved in the response of breast cancer cells to post-surgical inflammatory stimuli. Breast cancer is often a multifocal and multicentric disease, but often these tumor foci are dormant and referred to as "occult cancer" (Bissell and Hines, 2011) . Following surgery, clinically undetected clusters of neoplastic cells may remain, either locally or at distant sites that may eventually develop into clinically detectable recurrence. As long as the microenvironment surrounding these tumors provided tumor-suppressive signals these masses will not progress. For these neoplastic clusters to grow into frank cancer a subversion of tissue homeostasis must occur and signals from the microenvironment need to arrive and awake breast cancer cells (Bissell and Hines, 2011) . Surgery itself does undoubtedly represent one of such subverting factors. It is already known that surgery may modify the growth kinetics of breast cancer micro metastasis (Demicheli et al., 2001) . In support of this hypothesis, a recent clinical study comparing radical mastectomy with breast conserving surgery reported that women undergone radical mastectomy without radiotherapy have a significant increased risk of loco-regional recurrence compared to those treated with breast conserving surgery. The authors suggest that after extensive mastectomy an excessive wound response might stimulate the secretion of as-yet uncharacterized growth factor(s) that precipitates loco-regional recurrence (Abdulkarim et al., 2011) . This assumption indirectly confirms our (Belletti et al., 2008b; Segatto et al., 2013) and others' (Tagliabue et al., 2003) observations and points to the wound healing process as a driving force for generation of local recurrences. p70SK protein overexpression in breast cancer has been already associated with increased risk of locoregional recurrence (van der Hage et al., 2004) and with aggressive disease and poor prognosis (Akar et al., 2010) , but the mechanisms associated with the role of p70S6K in these processes are not well understood. Our recent work directly correlated the activity of p70S6K with occurrence of breast cancer local relapse (Segatto et al., 2013) and here a mechanistic link is finally provided. Our data show that p70S6K activity in breast cancer cells is required for triggering a survival response via AKT and Bcl2. When breast cancer cells are grown in "hostile" culture conditions (soft agar, Figure 4E ; polyHEMA, Segatto et al., 2013 ; breast microenvironment without Matrigel, Figure 2E ) a robust p70S6K signaling is required to overcome apoptosis and then eventually grow. Our in vivo experiments indicate that p70S6K activity strongly contributed to growth of primary breast tumor (Figure 2A) . However, more careful analysis indicated that impairment of p70S6K signaling increased the tumor latency (average of 9 vs 26 days, Figure 2F ) but, once tumors appeared, their growth rate was very similar ( Figure 2G ). This observation pointed out that, in the process of tumor initiation, p70S6K signaling plays a major role in survival rather than in proliferation of breast cancer cells. Many data clearly support this conclusion and indicate that these two functions of p70S6K, one in proliferation and one in survival, have different weight depending on the cellular context. When cells are challenged to survive in "hostile" conditions, such as when isolated cells are immersed in stringent environments (soft agar, Figure 4E ; take rate at low cell numbers, Figure 2E ; colony assay, Figure 6G , G and I) p70S6K role in survival prevails (and precedes) the role in proliferation. On the other hand, when cells are analyzed in "normal" culture conditions (growth curves, Supplementary Fig. S4 ) or injected in vivo at high number (Figure 2A and B) or with the support of matrigel ( Figure 2E ), its role in proliferation prevails and is easily observable.
From a molecular point of view, we have identified the crosstalk between p70S6K signaling and the Hedgehog-Gli1 pathway, as crucial to activate the survival response needed by breast cancer cells to escape apoptosis in critical contexts (Figure 6 ), as recently suggested by others in other cancers (Wang et al., 2012; Gruber Filbin et al., 2013) .
Taken together, our data implicate that p70S6K activity has a major impact on the early steps of tumor growth while only a minor impact in the control of growth of the bulk mass. This observation is suggestive of potential similar effects of p70S6K signaling in all contexts where breast cancer cells face microenvironmental challenges, such as local and, possibly, distant recurrence, as suggested by others (Akar et al., 2010) .
Importantly, our results suggest that p70S6K may represent a promising predictive marker for locoregional recurrence; it may help in guiding choice of optimal local therapy and be targeted for efficient peri-tumoral "sterilization" of microenvironment following surgery. This is of particular importance since it is now well established that local therapy does not only have an impact on locoregional control but also on patients' survival (Clarke et al., 2005) .
Current standard treatment for early breast cancer patients is breast-conserving surgery followed by external beam radiotherapy. Radiotherapy produces a reduction of about two thirds in local recurrence, largely irrespective of the type of patient or treatment (Clarke et al., 2005) . Radiotherapy and chemotherapy are spaced out to allow the recovery of normal tissues between treatments. However, surviving cancer cells could proliferate during the intervals, leading to treatment failure. Our in vitro and in vivo data suggest that interfering with p70S6K activity in this time frame could represent a reliable strategy to overcome breast cancer cells repopulation and efficiently block locoregional recurrence.
Drug development for cancer therapy has relied largely on proliferation as an endpoint. However, targeting the crosstalk between cancer cells and components of the microenvironment is likely to provide much more profound clinical benefits. In light of our results, we propose that targeting p70S6K may dampen the dialog occurring between the inflammatory stroma following surgery and the breast cancer cells at a stage that may result crucial for the fate of the tumor as well as the patient.
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